ABSTRACT Nanodiscs that hold a lipid bilayer surrounded by a boundary of scaffold proteins have emerged as a powerful tool for membrane protein solubilization and analysis. By combining nanodiscs and cell-free expression technologies, even completely detergent-free membrane protein characterization protocols can be designed. Nanodiscs are compatible with various techniques, and due to their bilayer environment and increased stability, they are often superior to detergent micelles or liposomes for membrane protein solubilization. However, transport assays in nanodiscs have not been conducted so far, due to limitations of the two-dimensional nature of nanodisc membranes that offers no compartmentalization. Here, we study Krokinobacter eikastus rhodopsin-2 (KR2), a microbial light-driven sodium or proton pump, with noncovalent mass-spectrometric, electrophysiological, and flash photolysis measurements after its cotranslational insertion into nanodiscs. We demonstrate the feasibility of adsorbing nanodiscs containing KR2 to an artificial bilayer. This allows us to record light-induced capacitive currents that reflect KR2's ion transport activity. The solid-supported membrane assay with nanodisc samples provides reliable control over the ionic condition and information of the relative ion activity of this promiscuous pump. Our strategy is complemented with flash photolysis data, where the lifetimes of different photointermediates were determined at different ionic conditions. The advantage of using identical samples to three complementary approaches allows for a comprehensive comparability. The cell-free synthesis in combination with nanodiscs provides a defined hydrophobic lipid environment minimizing the detergent dependence often seen in assays with membrane proteins. KR2 is a promising tool for optogenetics, thus directed engineering to modify ion selectivity can be highly beneficial. Our approach, using the fast generation of functional ion pumps incorporated into nanodiscs and their subsequent analysis by several biophysical techniques, can serve as a versatile screening and engineering platform. This may open new avenues for the study of ion pumps and similar electrogenic targets.
INTRODUCTION
Directed protein engineering requires a fast screening platform for the efficient expression of a variety of mutants and their subsequent characterization. However, low production and difficult assay conditions posed major bottlenecks to the analysis of ion pumps and other membrane proteins. In the past, cell-free expression systems have already been implemented into protein screening approaches (1) (2) (3) . The reduced expression complexity and short production times already allow for the analysis of products after a few hours. A unique advantage for membrane proteins is their synthesis directly into defined hydrophobic environments (4, 5) . Preformed nanodiscs consisting of two copies of a membrane scaffold protein (MSP) that stabilize a disk-shaped bilayer of selected lipids (6) provide a nativelike environment for membrane proteins. If supplemented to cell-free expression reactions, the synthesized membrane proteins are directly inserted into the lipid bilayer disks in a cotranslational manner, leading to a completely soluble complex of the nanodisc and the inserted membrane protein (7) . One major advantage of this approach is the avoidance of any detergent contact. A variety of different membrane proteins comprising enzymes (8, 9) , transporters (10) , receptors (11) (12) (13) , or rhodopsins (9, 14, 15) , could be successfully generated with this technique.
Downstream to protein production, the subsequent functional and structural characterization requires high sample quality and stability. In this respect, membrane proteins are especially challenging due to their strict requirement for a specific hydrophobic environment (8) . This property frequently requests the usage and screening for suitable detergents after membrane protein production in heterologous hosts, before the reconstitution into lipid environments (16) . Conventional lipid membranes can significantly support the structural integrity of membrane proteins as reflected by a higher thermostability (17) . Similar effects were already observed with nanodisc membranes for a variety of proteins such as potassium channels (18) , a zinc transporter (10) , or a G-protein coupled receptors (19) .
Solubilization in different environments such as detergent micelles or liposomes often complicate the comparison of membrane protein properties. A well-studied example can be seen in the proton pump green proteorhodopsin (PR) (20, 21) . Rhodopsins are seven-transmembrane-helix receptors with a retinal bound via a protonated Schiff-base to a conserved lysine residue. After light excitation of the chromophore, a photocycle is started with the isomerization of the retinal, followed by a series of thermal transitions between photointermediates. The photocycle of PR is coupled to proton transport that involves de-and reprotonation reactions of the Schiff-base in a vectorial manner (22) . The photochemical properties of this retinal protein depend on the environmental conditions showing significant differences in the photocycle time and in the accumulation of photointermediates when performed in membranes, detergents, or nanodiscs (14, 23, 24) . The usage of nanodiscs also allowed studying the influence of oligomer size and lipid composition. PR oligomerization is affected by certain detergent micelles, but not after insertion into nanodisc membranes (25, 26) . This effect is evident by the comparison of the NMR structure of monomeric PR in detergent micelles (27) with the crystal structure of blue proteorhodopsin oligomers in bicelles (28) .
In the last years, new retinal light-driven ion pumps with different ion transport properties were discovered (22, 29, 30) . Besides their general potential as optogenetic tools, they raise interesting mechanistic questions about ion transport and ion selectivity. Here, we focus on a recently described ion pump, the Krokinobacter eikastus rhodopsin-2 (KR2) (31) , with a combined experimental approach exploiting the synergies of nanodiscs, cell-free synthesis, and specific assay systems. Manipulations of KR2 samples were minimized by performing mass-spectrometric and spectroscopic experiments directly in nanodisc. For an activity assay, we complement these methods with the first application of electrophysiological experiments of nanodiscs on a solid-supported membrane (SSM) functioning as a capacitive electrode (32) . We used the electrophysiological data in relation to spectroscopic measurements to gain further insights on the molecular mechanism of ion translocation.
KR2 is a promiscuous ion pump that is able to pump sodium ions or protons depending on the experimental conditions (31) . During sodium transport, it transiently creates a sodium binding site that can be monitored spectroscopically by a photointermediate, the O-state, that only accumulates in the presence of sodium. However, the molecular details of this binding site, the ion discrimination, and the transport efficiency for sodium compared to protons, are not yet fully understood.
The correlated electrophysiological and spectroscopic measurements provided further insights on the molecular mechanism of ion translocation. In addition, the established procedure could be applied to mutant screening of KR2 as well as of other microbial rhodopsins in the future, and would support the development or improvement of optogenetic tools.
MATERIALS AND METHODS

Materials
Detergents n-dodecylphosphocholine and sodium cholate used for nanodisc reconstitution were purchased from Avanti Polar Lipids (Alabaster, AL) and Carl Roth (Karlsruhe, Germany). Octadecyl mercaptan, diphytanoylphosphatidylcholine, octadecylamine, and 1,2-dimyristoyl-sn-glycero-3-phospho-(1 0 -racglycerol) (DMPG) lipids were delivered by Avanti Polar Lipids. All salts including tris(hydroxymethyl)-aminomethane, 2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethane sulfonic acid (HEPES), NaCl, KCl, and ammonium acetate as well as HCl and NaOH were obtained from Carl Roth. IMAC Sepharose 5 Fast Flow Resin was obtained from GE Healthcare (M€ unchen, Germany).
Nanodisc reconstitution
MSP purification and nanodisc reconstitution was performed as described in Henrich et al. (8) and Denisov et al. (33) . In brief, the scaffold protein MSP1E3D1 was expressed in BL21 star cells and purified via its N-terminal His 6 -tag. For the expression, standard LB-medium with supplemented glucose and baffled flasks was used. Likewise, cells can be cultivated in a fermenter. The purified protein was dialyzed against DF buffer (10 mM tris(hydroxymethyl)-aminomethane-HCl pH 8.0, 150 mM NaCl) with the addition of 10% glycerol and stored at À80 C after shock freezing with liquid nitrogen. To form the nanodiscs, MSP1E3D1 was thawed and mixed with sodium cholate solubilized DMPG lipids (50 mM DMPG, 100 mM Na-cholate) in a protein-to-lipid ratio of 1:115 and 0.1% n-dodecylphosphocholine. This solution was incubated for 1 h under mild shaking before dialysis against three times 5 L DF-buffer for 24 h each. Reconstituted nanodiscs were centrifuged at 22,000 Â g to remove aggregates and afterwards concentrated with Centriprep devices from Merck Millipore (Darmstadt, Germany) to 0.5À1.0 mM by several centrifugations for 15 min at 2000 Â g. Nanodisc stocks were shock frozen with liquid nitrogen and stored at À80 C until usage.
Cell-free expression
KR2 was produced with a home-made cell-free expression system based on lysates from Escherichia coli A19 cells and T7-polymerase transcription from plasmid DNA. Polymerase purification, lysate preparation, and the general workflow of cell-free protein expression are described in Schwarz et al. (34) and Reckel et al. (35) . Reactions were carried out in analytical scale reactions with 55 mL in custom-made reaction containers sealed with a dialysis membrane (12-14 kDa MWCO) that are placed in the wells of 24-well cell culture plates holding the feeding mixture. For preparative scale reactions, Slide-A-Lyzer devices (10 kDa MWCO; Thermo Fisher Scientific, Carlsbad, CA) holding the reaction mixture were placed into custom-made feeding mix containers. The ratio of reaction mix to feeding mix was 1:15 and 1:17 for analytical and preparative scale reactions, respectively. Reactions were incubated at 30 C on a shaker for 14-18 h. For cotranslational solubilization of KR2, the reaction mixture was supplemented with 50 mM nanodiscs (MSP1E3D1, DMPG). To ensure cofactor incorporation and proper folding of KR2, 600 mM all-trans retinal was added to the reaction mixture (14, 27) . After incubation, the reaction mix was centrifuged at 18,000 Â g to remove aggregates.
Membrane protein purification
KR2/nanodiscs complexes were purified via the C-and N-terminal His 6 -tag of KR2 and MSP1E3D1, respectively. The supernatant of the reaction mixture was diluted 1:3 with buffer P1 (20 mM HEPES-KOH pH 7.4, 50 mM KCl) and loaded onto a gravity flow column holding Ni 2þ loaded IMAC Sepharose 6 Fast Flow with a volume corresponding to the reaction mix volume and equilibrated with buffer P1. The flowthrough was reapplied four times to ensure maximum binding. Afterwards, the column was washed with five column volumes of buffer P1, 10 column volumes of buffer P1 with the addition of 250 mM KCl and eight column volumes of buffer P1 with 25 mM imidazole. The protein was eluted with three column volumes of buffer P1 with 300 mM imidazole. For concentration, several centrifugation steps for 5 min at 4000 Â g in Amicon Ultra-4 Centrifugal Filters (10 kDa MWCO) from Merck Millipore were used. After concentration to roughly 500 mL, the sample was diluted 1:6 with buffer P1 for imidazole removal by buffer exchange. The exchange was repeated three times. Concentrated samples of KR2 were stored at 4 C until further usage.
Size exclusion chromatography
The gel filtration analysis was performed on an Ä kta Purifier System with a Superdex 200 Increase 3.2/300 from GE Healthcare. As flow rate, 0.075 mL buffer P1 with an additional 150 mM KCl were chosen. Absorption at 280 nm as well as at 530 nm was monitored. The sample concentration was $40 mM KR2 and 50 mL were injected onto the column.
Laser-induced liquid-bead ionization mass spectroscopy
The nanodiscs sample was buffer-exchanged into 50 mM ammonium acetate at pH 6.8 directly before measurement with laser-induced liquid bead ionization mass spectroscopy (LILBID-MS). Zeba Micro Spin Desalting Columns (Cat. No. 89887) from Thermo Fisher Scientific (Langenselbold, Germany) were used to exchange the buffer, operating with a 7 kDa cutoff filter. To equilibrate the desalting column, it was washed five times with the buffer at 1500 rpm for 1 min. A quantity of 3 mL of buffer-exchanged sample was used for LILBID-MS. A commercial piezo-driven droplet generator (MD-K-130 from Microdrop Technologies, Norderstedt, Germany) was used to produce droplets of 30 mm diameter with a frequency of 10 Hz at 100 mbar. The droplets are transferred to high vacuum and irradiated by an IR laser operating at 2.94 mm, a vibrational absorption wavelength of water. This leads to an explosive expansion of the sample droplet and ions are released. They are accelerated by a pulsed electric field and analyzed by a homebuilt reflectron-time-of-flight setup. LILBID settings have already been published (36) . Data detection and processing was done by using the software Massign (massign.chem.ox.ac.uk/) (37) . The MS spectra show an averaged signal of 830 droplets.
SSM measurements
Electrical recordings on a SSM setup were performed as described in Schulz et al. (38) . The cuvette was modified by incorporation of an optical fiber to illuminate the electrode. Briefly, the SSM was prepared by linking an Octadecyl mercaptan monolayer to a gold electrode with a diameter of $1 mm 2 on a glass support. On the modified surface, a second monolayer formed spontaneously after adding a lipid solution containing 10 mg mL À1 diphytanoyl-phosphatidylcholine and 1:60 (w/w) octadecylamine dissolved in n-decan. The electrode is mounted in a cuvette and connected to an Ag/AgCl reference electrode via a salt bridge. Currents were amplified and filtered by a current amplifier (Keithley 428, 10 9 V/A and 10 ms rise time; TestEquity, Moorpark, CA).The output signal of the current amplifier was recorded by a digital storage oscilloscope (Sigma 30, 10 MS, Nicolet Technologies, Madison, MI) and analyzed with the software Origin2016Pro (www.originlab.com/2016). The illumination was performed using an optical fiber of 1 mm 2 diameter coupled to a high-pressure short arc lamp. To determine the light intensity dependence, we used a 100 W HBO lamp filtered with a 455 nm long-pass filter and neutral density filters. Maximal light intensity at the end of the light fiber was $254 mW cm À2 . Action spectra were recorded with light from a 75 W XBO lamp using narrow band interference filters. Here the light intensity varied between 3.8 and 20.4 mW cm À2 . Solution exchange was achieved using compressed air and electromagnetic valves. The experiments were carried out at room temperature (22 C). After formation of the lipid monolayer, the capacitance and conductance of the SSM were determined (C m ¼ 1.5-4 nF, G m < 0.5 nS). Then 50 mL of the sonified KR2 nanodisc samples with a KR2 concentration of $75 mM were added to the cuvette ($20 mL of a 20 mM HEPES pH 7.4 solution) and incubated overnight. The nanodiscs adsorb to the lipid layer in a preferential orientation. Capacitive coupling between the protein containing nanodiscs and the SSM enables the detection of electrophysiological signals. The lightinduced charge transport by KR2 over the nanodisc membrane leads to a current, which can be recorded in an external circuit. After washing the membrane, the electric properties of the SSM were checked again and the experiments were performed under controlled solution conditions.
Absorption measurements
Absorption measurements were performed on a Specord 100 spectrometer (Analytik Jena, Jena, Germany) using a 2 Â 10 mm quartz cuvette.
Broadband flash photolysis measurements
Measurements were recorded with a home-built setup as previously described (D. Urmann, C. Lorenz, and C.B., unpublished data). The sample was resuspended in buffer containing 50 mM salt (NaCl or KCl) and 50 mM HEPES at pH 7.4. The solution was placed in a 2 Â 10 mm quartz cuvette. The sample was excited by a Nd:YAG laser (Spitlight 600; Innolas Laser, Krailling, Germany) pumping an optical parametric oscillator (preciScan; GWU-Lasertechnik, Erftstadt, Germany). The optical parametric oscillator was set to generate single nanosecond pulses with a central wavelength of l max ¼ 525 nm. White probe light was generated by a spectrally broad xenon flash lamp (model No. L7685; Hamamatsu, Hamamatsu City, Japan; light pulse duration full width at half-maximum, 2.9 ms) and detected by a fast intensified charge-coupled device camera (PI-MAX 3; Princeton Instruments, Beijing, China). Each time point was averaged 30 times for a better signal-to-noise ratio. The setup was triggered by a pulse delay generator (9200 Sapphire Digital Delay Pulse Generator; Quantum Composers, Bozeman, MT) with an electronic jitter of 30 ns. However, the smallest integration windows of the intensified charge-coupled device camera for all measurements was 333 ns, which is considered as the instrumental response time here. The spectra were collected between 333 and 900 ms at 123 delay times. For every decade, 20 spectra were spaced evenly across a linear timescale, except for the first decade, which only included three spectra. The gate time was 333 ns and was increased to 4 ms, when the time difference between two spectra exceeded 4 ms. The obtained datasets were analyzed by the software Optimus (www.optimusemr.com) (39) .
RESULTS
Expression, purification, and quality control of KR2
According to previous studies with the related PR, we similarly aimed for the production of KR2 using cell-free expression with comparable parameters. An overview and timescale of our strategy is given in Fig. 1 .
In contrast to PR, the expression in the presence of detergents did not lead to folded KR2, indicating a more discriminative requirement for its hydrophobic environment (data not shown). However, the cotranslational insertion into nanodiscs composed of MSP1E3D1 as a scaffold and DMPG as a lipid was successful, yielding final concentrations of 150-200 mM soluble KR2 in the reaction mixture (Fig. 2 Ai). The size exclusion elution profile of standard His-tag purified KR2/nanodisc samples indicates mainly homogenous particles with few remaining aggregates (Fig. 2 A) . Noncovalent mass spectrometry analysis by LILBID-MS reveals the formation of oligomeric KR2 complexes in the nanodiscs. In agreement with the KR2 crystal structure (40) , up to pentameric oligomers can be detected (Fig. 2 B) . It seems that the insertion is not fully homogenous, leading to an oligomer distribution as already seen for PR (26) . The signals of the KR2 monomers (Fig. 2  C) still show attached DMPG molecules and further indicate that the protein was inserted into the nanodisc membrane.
Absorption spectra KR2 incorporated into nanodiscs shows similar absorption spectra under different salt conditions (Fig. 3) . The l max values for the retinal chromophore covalently bound to the opsin are 533 and 532 nm for NaCl and KCl, respectively. The peak at $280 nm corresponds to protein absorption, and variations are due to different concentrations of scaffold protein in the two samples. A valuable advantage of nanodiscs in comparison to conventional liposomes is the absence of light scattering due to the smaller size (Fig. S1 ).
KR2 photocurrents in SSM measurements
For SSM experiments, we used affinity-purified KR2-loaded nanodiscs from the in vitro synthesis described above. They adsorb spontaneously to a SSM in a preferred orientation that allows us to record light-induced currents shown in Fig. 4 A. Turning on the light causes a transient positive photocurrent. The direction corresponds to a translocation of cations toward the SSM. The sign of the photocurrent and hence the preferred orientation of the KR2 nanodiscs on the SSM was reproducible in all experiments. The peak current varies in amplitude between 0.42 and 0.85 nA at 50 mM sodium and from 0.31 to 0.52 nA at 50 mM potassium at maximal light intensities. The current decays upon prolonged illumination almost to the baseline level due to the charging of the SSM. Such a capacitive current is characteristic for the SSM system (32) and the peak current can be directly related to the pump activity of KR2 (41) . Turning off the light leads to a smaller peak current in the opposite direction (Fig. 4 A) , which is caused by the discharge of the membrane. We determined the action spectra of KR2 to further corroborate the assignment of the currents to the light-induced pump currents of KR2 (Fig. 4 B) . The demonstrated wavelength dependence of the currents matches the absorbance spectrum of KR2 in nanodiscs.
The gold electrode used in the SSM is known to be prone to photoartifacts (32) . Control recordings in the absence of nanodiscs and with empty nanodiscs revealed currents in the opposite direction of the pump current upon illumination. Photoartifacts with amplitudes between 0.02 and 0.03 nA could only be detected at a light intensity higher than 127 mW cm À2 . The currents of the photoartifacts are different compared to KR2's transport currents with respect to the amplitude (small), the direction (inverted), and their light intensity dependence. Whereas KR2 currents saturate at high light intensity (Fig. 4 C) , the photoartifacts increase linearly in the observed range.
We further characterized the KR2 transport currents under different ionic conditions as well as at different light intensities. Immobilizing the ion pump on the SSM allows us to change the ionic conditions in a fully controllable and reversible manner, which enables the determination of the KR2 pump activity for sodium ions and protons in the same experiment. Fig. 4 C displays the light-intensity dependence of the peak currents under sodium and potassium conditions. The peak current, a measure for the transport activity, saturates under both ionic conditions and can be described as a function of the light intensity J by the following:
where J 0.5 is the half-saturation intensity of the peak current I peak (J), and I max is its maximal value. We determined a J 0.5 value of 72 5 3 mW cm À2 and of 89 5 4 mW cm À2 mean 5 SE, n ¼ 5 for sodium and for potassium conditions, respectively (n ¼ 5). The value for I max in all our preparations was 1.5 times higher in sodium than in potassium conditions, i.e., the turnover of pumped sodium ions is higher than for protons. This result is in accordance with cell-based assays in E. coli cells, where the transport activity is assessed indirectly from pH changes (31) . One explanation is the slower photocycle kinetics in the absence of sodium as seen in flash photolysis experiments (Fig. 5 ). In the case of SSM experiments, we can determine the photocycle duration under stationary illumination from J 0.5 (32), as follows:
where h is the Planck constant, n is the light frequency, h is the quantum yield, and s is the absorbance cross section, respectively. Assuming that all parameters are constant except for the experimentally determined J 0.5 , we can compare the photocycle duration under sodium or potassium conditions. From these measurements, we would infer that FIGURE 3 Absorption spectra of KR2 in nanodiscs. Shown here are the absorption spectra of KR2 in the presence of 50 mM KCl (dashed line) andthese times are close to each other, and the lower transport activity for protons has an origin different from photocycle kinetics. The exponential decay of the peak current in the capacitively coupled system reflects the charging of the compound membrane consisting of the nanodiscs and the underlying SSM. Because charging depends on the magnitude of the photocurrents, the time constant of the current decay decreases with light intensity J as experimentally observed (Fig. 4 D) . These data are experimental proof that the nanodiscs are capacitively coupled to the SSM, as is the case with membrane fragments (41) and proteoliposomes (23, 42) .
The characteristic passive electric properties of the compound membrane are described by the so-called ''system time constant'' (41) t 0 . The values C m and C p are the specific capacitance of the SSM and the nanodiscs, respectively, and G m and the G p are the corresponding specific conductances, as follows:
Because the system time constant t 0 describes the discharge of the compound membrane, it can be determined from the time course of the off-peak at the end of the illumination (Fig. 4 A) . We obtain a value of t 0 ¼ 0.23 5 0.01 s (mean 5 SE, n ¼ 10), similar to that determined previously for membrane fragments (41) .
In summary, we can conclude that adding KR2 nanodiscs renders the SSM photoelectrically active and allows the measurement of capacitive currents under controlled ionic conditions. The observed electrical behavior of the nanodiscs/SSM system is well explained in the framework of capacitive coupling and similar to systems investigated previously like proteoliposomes or membrane sheet fragments on planar bilayers (32, 41) .
Flash photolysis measurements
The nanosecond-to-second reaction dynamics of KR2 at pH 7.4 are summarized in Fig. 5 . Because salt conditions have a tremendous influence on the photocycle, measurements were performed in 50 mM NaCl and 50 mM KCl, respectively. The differences between the two salt conditions can be best observed in individual time traces at selected wavelengths (Fig. 5 A) (31) . The transients at 525 nm (Fig. 5 A, middle panel) are dominated by the ground state bleach and can thus be used to determine the duration of the photocycle. For the proton pumping mode (KCl), the photocycle is >5 times longer compared to the sodium pumping mode (NaCl). The increase of the bleach signal amplitude after 10 ms can be explained by the superposition with the positive absorption of the K intermediate decaying on this timescale. Concurrently, the superposition of the L/M-intermediates with the ground state bleach can be best observed at the 420 nm transients (Fig. 5 A, lower panel) . The M state also lasts significantly longer for the proton pump mode and decays within $20 ms. In contrast, the M intermediate converts to the O intermediate with a time constant of 1.2 ms in the sodium pump mode. Therefore, sodium binding accelerates the reprotonation of the Schiff-base as reported before (32) .
To quantify the observed kinetic differences between the two salt conditions, the data were analyzed by a global lifetime analysis. In both cases, a fit with four time constants leads to a satisfactory description of the data. The value of the time constants together with the fit amplitudes and the fit quality can be seen in the corresponding decay-associated spectra (DAS) and the residual plots, respectively (Figs. 5 C and S2-S4). According to these results, the photocycle of the two different KR2 samples can be interpreted in the following way: Within sodium pumping mode (Fig. 5, B  and C) , the photoinduced absorption at $620 nm (K intermediate) decays with t 1 ¼ 40 ms. Simultaneously, a rise in the signal at $420 nm can be detected, which indicates the formation of the M intermediate. With (Fig. S2, A and B) , the first two lifetimes t 1 ¼ 10 ms and t 2 ¼ 0.14 ms are used to describe the decay of the K and the rise of the L/M intermediates; t 3 ¼ 20 ms exhibits a negative amplitude at $530 nm, a positive amplitude at $420 nm, and a small positive amplitude at $640 nm. These signals can be interpreted as the decay of the residual K-like state (640 nm), the recovery of the ground state (530 nm), and the decay of the L/M states (420 nm). The longest lifetime t 4 ¼ 170 ms can be attributed to the final repopulation of the ground state.
DISCUSSION
In this study we demonstrate the successful cell-free expression and cotranslational incorporation of KR2 into nanodiscs. Similarly to PR (26), KR2 forms oligomers inside the nanodiscs, but it did not tolerate the absence of lipids as under conditions of detergent-based in vitro expression. The protein appeared in its characteristic color only if expressed in the presence of nanodiscs (Fig. 2 A) , which indicates a lipid requirement for functional folding. Another indication for a positive effect on folding or stabilization by lipids is the fact that both available KR2 crystal structures were generated by in meso crystallization (40, 44) .
The affinity-purified samples could directly be used for mass-spectrometric and spectroscopic measurements as well as for electrophysiological recordings on a SSM setup.
Using the same sample batch, we could obtain information about the oligomeric states, the photocycle, and the transport activity under different ionic conditions. While all methods are well established for the analysis of membrane proteins in general and for microbial-type rhodopsins in particular, our strategy emphasizes the complimentary experimental approaches. Different data sets previously not comparable due to differences in sample preparation or measurement conditions can now be correlated. The scalability of the in vitro expression will facilitate to even extend the experimental approach including structure-biological techniques (27, 45, 46) . The related protein bacteriorhodopsin was recently crystallized by direct transfer out of nanodisc membranes into lipidic cubic phase membranes (47) . This demonstrates that a complete detergent-free pipeline from protein synthesis until its structural determination can be established. However, the mechanisms of cotranslational insertion and folding of nascent proteins into preformed empty nanodisc membranes are not understood yet. Limitations might therefore exist for particular targets and further studies are required to identify parameters relevant for membrane insertion.
A new application of nanodiscs is the functional analysis of the inserted protein by the SSM-based electrophysiology. So far, SSM measurements were only performed with proteoliposomes or membrane fragments. Protein samples in detergent micelles, mostly used in spectroscopic experiments, are incompatible with this technique because the detergent molecules destroy the planar lipid monolayer on the modified gold surface. Nanodiscs have been used before in combination with artificial bilayers, black lipid membranes (BLM), where they have been used as vehicles for incorporation of viral or bacterial potassium channels into the artificial bilayer (18, (48) (49) (50) . This approach allowed the determination of single channel parameters. As a variation, we exploited the spontaneous adsorption of the nanodiscs to the SSM that yields a compound membrane enabling the detection of photocurrents via capacitive coupling. This is indicated in the observed transient nature of the photocurrents (32, 41) . In our recordings for KR2 nanodiscs the maximal current densities varied between 50 and 80 nA cm À2 under sodium conditions. This is only a factor 2-3 smaller than the current densities measured for the proton pump bacteriorhodopsin in purple membranes (60-200 nA cm À2 (32)), and in a similar range as PR reconstituted in proteoliposomes (42) . These findings emphasize the similarity between the nanodiscs and proteoliposomes or membrane sheets conventionally used for electrical recordings on planar bilayers. The nanodisc approach is therefore a promising new electrophysiological tool when applied to other electrogenic transport systems.
Ion transport by KR2 has been measured before in electrometric or current recordings using the BLM technique (40, 51) , in cell-based assays after pH changes (31) or in a fluorescence-based assay utilizing proteoliposomes (52) . The latter two approaches rely on the passive proton flux through an uncoupler complicating the quantification of transport activity for protons and sodium ions. Compared to the BLM technique, the SSM provides higher mechanical stability and reversible control of ionic conditions. Here, we can directly compare the pump currents for the transported ions in reference to each other. Peak currents are 1.5 times higher under sodium conditions compared to conditions lacking sodium (Fig. 4 C) . This is qualitatively in accordance with the results from the measurements in E. coli suspensions (31), KR2 reconstituted in liposomes (40) , and the reconstituted sodium pump from marine Flavobacterium Dokdonia sp. PR095, in transient BLM experiments (51) . It could be expected that the higher peak currents are due to a faster turnover time under sodium conditions, which would be in accordance to the duration of the photocycle determined from flash photolysis under sodium (30 ms) and no sodium (170 ms) conditions. However, the determination of the relative photocycle duration t cycle of KR2 under continuous illumination on the SSM setup results in similar values for both salt conditions (Fig. 4 C) . The difference between the amplitude of the peak currents and the similar photocycle times of the SSM could be explained by a leaky or less efficient proton pump. On the other hand, the discrepancy to the flash photolysis data could be based on recordings under the different illumination protocols. We follow the spectral changes after a single photon excitation and perform electrophysiological experiments under stationary illumination. The inspection of spectral changes under potassium conditions reveals the accumulation of a late intermediate that spectrally resembles the initial state of the photocycle. We could speculate that the late intermediate is photoactive as well, leading to a redistribution of photointermediates under stationary illumination. Similar phenomena have been observed for Channelrhodopsin-2, where a second photon (or photocycle) is needed to replenish molecules from a seconds-lasting desensitized state (53) . A similar kinetic model with parallel photocycles and photoactive intermediates was described for the channelrhodopsin PsChR2 (54). Another example is the chloride pump halorhodopsin that has a higher pump turnover under stationary illumination than bacteriorhodopsin (55) , although the spectral changes from flash photolysis suggest similar photocycle times. In both cases, the second photon is used to restart an active cycle.
The flash photolysis data document the ideal suitability of the nanodiscs in spectroscopic experiments, whereas liposomes often pose a challenge due to the higher light scattering background (Fig. S1) . Furthermore, we think that an identical lipid environment is essential for a correlation with time-resolved data as obtained from electrophysiological recordings. It is known that KR2 shows differences in its kinetics under lithium conditions when recorded in detergent micelles in comparison to proteoliposomes (56) . A similar effect has been observed for a related sodium pump under potassium conditions (52) . In general, the photocycle of KR2 in nanodiscs is similar to the published data in liposomes (31) . The accumulation of a red-shifted O-intermediate under sodium conditions is clearly identified as a spectral indicator for sodium uptake that is further accompanied by the acceleration of the photocycle. The data have been described by a competitive binding model between sodium ions and protons to the M-state of KR2 (32) . Fast sodium ion binding helps for the following fast reprotonation of the Schiff-base as indicated by the O-state, whereas the photocycle is arrested under potassium conditions. Hence, this late intermediate is absent for the proton pumping mode, which results in the different kinetics observed in the NaCl and KCl measurements. In summary, the nanodisc system provides a versatile approach for further correlating the spectral changes to electrogenic steps from electrophysiological recordings.
CONCLUSIONS
Up to now nanodiscs have been utilized for a diverse variety of different biochemical and biophysical techniques, and applications are continuously expanding. Especially the concurrence of a nativelike lipid bilayer, small stable size, and complete solubility make nanodiscs the hydrophobic environment of choice for membrane protein characterization. We demonstrate, to our knowledge for the first time, that the combination of cotranslational insertion into two-dimensional nanodiscs by cell-free expression with SSM-based electrophysiology, flash photolysis, and mass spectrometry measurements is an ideal and fast approach for the characterization of light-driven ion pumps. KR2 exhibited a similar functionality if inserted into nanodiscs as in liposomes and is accessible to further investigation without the need of detergent usage. After this procedure, we can combine information about the oligomerization state, the kinetic properties, and the ion transport activity. Purified KR2 nanodisc samples can be generated in $18 h, guaranteeing fast access and analysis. There is even potential to further reduce the time from production to analysis by measuring directly within the cell-free reaction mixture, which could already be established for other proteins by various biochemical methods. The short production times, convenient handling, and the advantage of applying the sample to numerous techniques are prime benefits of our platform for the analysis of light-driven ion pumps. Figure 5A 
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